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ABSTRACT 

Background 

p73, a p53 family member is a transcription factor that plays a role in cell cycle, 

differentiation and apoptosis. p73 is regulated through post translational modifications and 

protein interactions. c-Abl is the only known tyrosine kinase that phosphorylates and activates 

p73. Here we have analyzed the role of Src family kinases, which are involved in diverse 

signaling pathways, in regulating p73. 

 

Results 

Exogenously expressed as well as cellular Hck and p73 interact in vivo. In vitro 

binding assays show that SH3 domain of Hck interacts with p73. Co-expression of p73 with 

Hck or c-Src in mammalian cells resulted in tyrosine phosphorylation of p73. Using site 

directed mutational analysis, we determined that Tyr-28 was the major site of phosphorylation 

by Hck and c-Src, unlike c-Abl which phosphorylates Tyr-99. In a kinase dependent manner, 

Hck co-expression resulted in stabilization of p73 protein in the cytoplasm. Activation of Hck 

in HL-60 cells resulted in tyrosine phosphorylation of endogenous p73. Both exogenous and 

endogenous Hck localize to the nuclear as well as cytoplasmic compartment, just as does 

p73. Ectopically expressed Hck repressed the transcriptional activity of p73 as determined by 

promoter assays and semi-quantitative RT-PCR analysis of the p73 target, Ipaf and MDM2. 

SH3 domain- dependent function of Hck was required for its effect on p73 activity, which was 

also reflected in its ability to inhibit p73-mediated apoptosis. We also show that Hck interacts 

with Yes associated protein (YAP), a transcriptional co-activator of p73, and shRNA mediated 

knockdown of YAP protein reduces p73 induced Ipaf promoter activation. 

 

Conclusions 

We have identified p73 as a novel substrate and interacting partner of Hck and show 

that it regulates p73 through mechanisms that are dependent on either catalytic activity or 

protein interaction domains. Hck-SH3 domain-mediated interactions play an important role in 

the inhibition of p73-dependent transcriptional activation of a target gene, Ipaf, as well as 

apoptosis. 
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seen upon expression of p73�D as well as Y28F mutant. Interestingly, there was no 

suppression of p73�D or Y28Fp73�D mutant induced 14-3-3�V mRNA by Hck (Fig. 7E). These 

results suggest that the suppressive effect of Hck on p73-induced gene expression is 

promoter specific as was also observed in HeLa cells.  

Since Hck inhibited p73 induced promoter activation as well as gene expression, this 

study was also extended to check the ability of Hck to inhibit apoptosis induced by cisplatin, 

an anti cancer drug known to mediate apoptosis by activation of p73 [12]. SAOS2 cells were 

transfected with GFP, WT-Hck or mSH3-Hck and immunostained for expressing cells after 

cisplatin treatment. Quantitation of apoptosis in expressing and nonexpressing cells showed 

that Hck expression protected 47% of cells from cisplatin induced apoptosis (Fig. 8A). Neither 

GFP expression nor mutant SH3 Hck expression inhibited this apoptosis. The protein levels of 

p73�D, Hck and mSH3-Hck were also determined upon cisplatin treatment which is shown in 

Fig. 8B.  The morphology of Hck expressing cells is shown in Fig. 8C.  

 

YAP interacts with Hck and is required for p73-induced activation of Ipaf promoter 

In an attempt to elucidate the mechanism by which Hck inhibits p73 activity in a target 

specific manner, we tested the possible involvement of YAP, a molecule that binds to and 

selectively regulates p73 dependent transactivation [58,59]. YAP was first identified as the 

Src family kinase Yes, interacting protein [60]. We explored the possibility of YAP interacting 

with Hck in vivo in co-immunoprecipitation experiments.  YAP was detected in Hck 

immunoprecipitates from cells expressing both Hck and YAP and not with control antibody 

(Fig. 9A). The ability of Hck to interact with YAP was tested in vitro using GST fusion proteins. 

YAP interacted with GST-SH3-Hck domain and not with GST-mSH3-Hck domain (Fig.9B).  

The role of YAP in p73�D mediated Ipaf promoter transactivation was determined by 

knock down of YAP using RNAi strategy. YAP shRNA I, II, III and control shRNA I and II were 

transfected with GFP-YAP in HeLa cells in the ratio of 4:1 and whole cell lyastes subjected to 

immunoblotting with GFP antibody. YAP shRNA I, II and III inhibited the expression of GFP-

YAP by 90%, 85% and 71%, respectively, as compared to control shRNA I (Fig.9C). As can 

be seen in Fig. 9C, (lower panel), transfection efficiency was comparable as determined by 

GFP blot which was used as an efficiency control. To check the role of endogenous YAP in 
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expressed as well as endogenous Hck is present to some extent in nuclear compartment of 

cells. These observations raise the possibility that the inhibition of p73 transcriptional activity 

by Hck is mediated at least in part by the fraction of Hck present in the nucleus. Cytoplasmic 

sequestration of p73 by Hck is not likely to explain inhibition of p73 activity by Hck because 

the level of p73 in the nucleus (which is likely to be the transcriptionally active component) 

does not decrease upon co-expression of Hck. Hck interaction with p73 directly could alter its 

ability to bind or transactivate a set of targets selectively. 

  Our results also show that Hck interacts with YAP, a transcriptional co-activator, 

which imparts target selectivity to p73. Since YAP was required for maximal activation of Ipaf 

promoter by p73, it is possible that Hck mediates repression of p73 transcriptional activity 

through its ability to interact with YAP. Based on the ability of p73�G to interact with Hck and 

not with YAP [62], we can infer that Hck and YAP bind to different sequences on p73. 

Formation of multimolecular complex, whereby both Hck and YAP interact with p73, could be 

responsible for Hck causing selective repression of p73 target genes. Since Hck can bind to 

YAP or to p73 through its single SH3 domain, an alternate possibility is that its interaction with 

YAP may alter the ability of YAP to transactivate p73 targets. 

Phosphorylation of p73 by c-Abl at Y99 results in its activation [23]. Our study shows 

that Hck predominantly targets a tyrosine in the transactivation domain (Y28). This difference 

in target site beween Hck and c-Abl rules out the possibility of Hck expression resulting in p73 

phosphorylation through activation of c-Abl, although Hck is known to activate c-Abl [42].  This 

modification (Y28 phosphorylation) did not influence the activity of p73 because Y28F mutant 

showed the same level of activation of Ipaf promoter as WT p73. Hck inhibited Ipaf gene 

expression induced by p73�D as well as Y28F mutant. We also demonstrated that this 

modification is not a unique property of Hck, since c-Src expression also resulted in 

predominant phosphorylation of p73 at Y28. In addition, Hck also targets other tyrosine 

residues (which we have not specifically identified) because Y28 mutant was not totally 

deficient in phosphorylation.                                 

p73 stabilization has generally been shown to reflect in an increase in its activity [12-

14,24]. Our study showed that over- expression of Hck results in stabilization of p73 protein, 

dependent on its kinase activity, but this does not lead to an increase in p73 activity. Similarly, 
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The green fluorescence protein (GFP) expression plasmid pEGFP-C1 was from Clontech.  

Antibodies to p73 (H-79, rabbit ployclonal), Hck (rabbit polyclonal), PY20 (mouse 

monoclonal), �D-tubulin (mouse monoclonal), c-Src (goat polyclonal), Calnexin (rabbit 

polyclonal) and GST (mouse monoclonal) were purchased from SantaCruz Biotechnology. 

p73 monoclonal antibody clone 1288 was from Imgenex. PARP antibody (rabbit polyclonal) 

was from Roche.  

 

Construction of vector expressing YAP shRNA  

The YAP shRNA expression vector was constructed using the U6 promoter-based 

vector essentially as described [56,71].The YAP sequence targeted by shRNA (GenBankTM 

accession NM_006106) was from nucleotides 792-812 (for YPI), 1570-1590 (for YPII) and 

1254-1274 (for YPIII). The YAP sequences targeted by shRNAs were a) YPI:  5’- 

GACATCTTCTCGTCAGAGATA-3’ b) YPII: 5’-GCTGCCACCATGCTAGATAAA-3’ and c) 

YPIII: 5’-CCTTAACAGTCGCACCTATCA-3’. The vectors expressing shRNA of unrelated 

sequence of the same length were used as control. All the sequences were confirmed by 

automated DNA sequencing. 

 
Immunoprecipitation, GST pull down and Western blot analysis 

Cos1 cells transfected with indicated plasmids were lysed in lysis buffer (50mM Tris-

Cl pH 7.5, 150mM NaCl, 10% glycerol, 0.5%NP-40, 2mM EDTA, 2mM EGTA, 2mM PMSF, 

2mM NaF, 2mM Na3VO4 and protease inhibitor (Roche Biochemicals) and the extract was 

incubated with antibodies overnight at 40C. The immune complexes were captured using 

Protein A/G Plus beads (Santa Cruz) and washed with buffer (50mM Tris-Cl pH7.5, 150mM 

Nacl, 10% Glycerol, 0.1% NP-40), the proteins were eluted by boiling in 3X SDS-sample 

buffer and separated on 8% SDS PAGE followed by western blotting with the required 

antibodies using ECL detection reagent (Perkin Elmer). 

For GST pull down assays, cultures of E.Coli DH5�D expressing GST, GST-SH3Hck 

or GST-mSH3-Hck were induced by 1mM isopropyl-�E-D-thiogalactopyranosidase (IPTG) for 4 

hours at 370C. Cells were lysed by addition of cold PBS containing 1mM PMSF and protease 

inhibitors (Roche) and sonicated. To this, 1% Triton-X 100 was added for 30 minutes at 40C 

for solubilization and then centrifuged to remove insoluble materials. To the supernatant, 
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Glutathione Sepharose beads (50% slurry) were added and incubated with end-to-end 

shaking on Rototorque at 40C for 1 hour. Beads were pelleted, washed with PBS containing 

0.1% TritonX-100 and incubated 6-8 hours with lysates of Cos1 cells transiently transfected 

with indicated plasmids. Bound proteins were eluted by boiling in 3X SDS sample buffer and 

subjected to immunoblotting. 

 

In-vitro phosphorylation assay 

Purified recombinant human Hck (kind gift from Dr. John Kuriyan, UC Berkeley) was 

activated for 30 minutes at 370C in 20 ol kinase buffer (10mM TRIS-Cl pH 7.5, 0.5mM DTT, 

10mM MgCl2, 1mM MnCl2) containing 20oM Na3VO4 and protease inhibitors. Activated Hck 

(80nM) was incubated with GST and GST-p73c in the presence of 3oCi of i32P-ATP for 30 

minutes at 370C. The reaction was terminated by the addition of 3X-SDS sample buffer 

followed by boiling for 5 minutes. The proteins were analyzed by 10% SDS-PAGE and gel 

was stained with commassie blue to visualize expression of proteins and subsequently dried 

for phosphor image analysis. 

 
Treatment of cells with mercuric chloride 

HL-60 cells were grown in RPMI medium with 10% heat-inactivated fetal calf serum. 

These cells were differentiated by the addition of DMSO (1.25%) for 48 hours. Differentiated 

cells were subjected to HgCl2 treatment as described by Robbins et al. [46]. Briefly, the cells 

were washed with phosphate-buffered saline and treated with 0.5mM HgCl2 for 15 minutes at 

room temperature before the lysates were subjected to immunoprecipitation with p73 (rabbit 

polyclonal) antibody. 

 

Cell fractionation 

 Transfected Cos1 and HL-60 cells were suspended in cold buffer A (10mM Hepes-KOH 

pH7.9, 1.5mM MgCl2, 10mM KCl, 1mM DTT, 1mM PMSF, 2mM Na3V04, 1mM EDTA, 1mM 

EGTA, protease inhibitors) and incubated on ice for 15 minutes. Later, NP-40 was added to 

1% v/v, vortexed for 20 seconds and incubated on ice for 10 minutes. Cells were pelleted 

down at 1500g for 5 minutes at 40C. Supernatant, which is the cytosolic extract, was re-

suspended in 3X SDS sample buffer and boiled for 5 minutes. The nuclear pellet was washed 
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FIGURES 

Figure 1  -  Hck interacts with p73  in vitro and in vivo 

(A) Cos1 cells transiently expressing HA-p73�D alone or with Hck were 

immunoprecipitated with control rabbit IgG (C) or Hck polyclonal antibody. The 

immunoprecipitates were resolved by SDS-PAGE and subjected to western blotting to detect 

p73 and Hck. (B) GST fusion proteins bound to Glutathione-Sepharose beads were incubated 

with lysates of Cos1 cells overexpressing p73�D and p73�G. Bound proteins were subjected to 

western blotting to detect p73. (C) GST-SH3 Hck and GST-mSH3 Hck recombinant fusion 

proteins bound to Glutathione-Sepharose beads were incubated with lysates of Cos1 cells 

overexpressing p73�D and bound proteins were subjected to western blotting with p73 

antibody. (D) Lysates of differentiated HL-60 cells (DMSO 1.25%) were immunoprecipitated 

with control rabbit IgG or Hck antibodies and subjected to western blotting for p73 and Hck. 

(WCL indicates whole cell lysate). 

 

Figure 2  -   Hck phosphorylates p73  in vivo and in vitro 

(A) Whole cell lysates prepared from Cos1 cells transfected with HA-p73�D (1.6�Pg) 

with and without Hck (0.4�Pg) expression constructs in the ratio of 4:1 were subjected to 

immunoblotting with pTyr, p73 and Hck antibodies. (B) Cos1 cells transfected with indicated 

expression constructs were subjected to immunoprecipitation with p73 antibody and 

immunoprecipitates analyzed for pTyr, p73 and Hck by western blotting. The amount of DNA 

was kept constant by addition of control vector pcDNA3. (C) Purified Hck protein (80nM) was 

incubated with GST, GST-p73�D and alone with �J32P-ATP for 30 minutes at 370C in an in vitro 

kinase assay. The proteins were analyzed by SDS-PAGE and stained with commassie blue 

(left panel). The gel was then dried and phosphorylated proteins visualized by phosphor 

imaging (right panel). (D) Western blot showing the endogenous protein levels of p73 and Hck 

upon differentiation with DMSO in HL-60 cells. Tubulin expression was determined as a 

loading control. (E) Endogenous p73 gets phosphorylated on tyrosine upon activation of Hck. 

Western blot showing the phosphotyrosine content of cellular proteins and levels of 

endogenous p73 and Hck upon HgCl2 treatment in differentiated HL-60 cells (left panel). 

Lysates of diferentiated HL-60 cells treated with or without HgCl2 were subjected to 
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or without Hck (1300ng), mSH3 Hck (1300ng) and KD Hck (1300ng) were subjected to RT-

PCR analysis as described in Fig. 7E. (E) p73�D transactivation function is independent of Tyr-

28 phosphorylation. RT-PCR analysis was carried out using RNA isolated from SAOS-2 cells 

after transfection with indicated expression constructs. Expression levels of gene products 

were determined using appropriate primers. (UT indicates untransfected). 

 

 Figure 8  -   Hck inhibits cisplatin induced apoptosis  

(A) SAOS2 cells transfected with GFP, Hck or mSH3 Hck (400ng) were treated with 

50�PM cisplatin (CDDP) for 24 hours and immunostained for Hck. The percentage of apoptotic 

cells was scored among expressing and non-expressing cells using morphological criteria. 

Data represent mean ± S.D. of at least three independent experiments. (B) SAOS2 cells 

transfected with Hck or mSH3 Hck (400ng) were treated with 50�PM cisplatin (CDDP) for 24 

hours and whole cell lysates were subjected to western blotting with p73 (mouse monoclonal, 

Imgenex) and Hck antibody. Tubulin was used as loading control. (C) Panels show the 

expression of GFP, Hck and mSH3 Hck expressing cells.  

 

Figure 9  -  Hck interacts with YAP and requirement of YAP for transactivation of Ipaf 

by p73 

(A) Cos1 cells transiently expressing GFP-YAP with Hck were immunoprecipitated 

with control rabbit IgG (C) or Hck polyclonal antibody. The immunoprecipitates were resolved 

by SDS-PAGE and subjected to western blotting to detect YAP and Hck.  (B) Extract of Cos1 

cells transfected with GFP-YAP was incubated with GST, GST-SH3Hck, GST-mSH3-Hck 

recombinant proteins bound to Glutathione Sepharose beads. Proteins bound to these beads 

were immunoblotted with GFP and GST antibodies.  (C) YAP-shRNA downregulates GFP-

YAP expression. Hela cells transfected with GFP-YAP (50ng) with either control shRNA I and 

II (200ng) or YAPshRNA I, II and III (200ng) subjected to immunoblotting with anti-GFP 

antibody. GFP (50ng) was used as transfection efficiency control. (D). Effect of YAP shRNA 

on p73�D mediated Ipaf promoter transactivation. HeLa cells transiently transfected with 

YAPshRNA I, II (200ng) or control shRNA I (200ng) in the presence or absence of p73�D (2ng) 
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